Resuscitation of very premature lambs with positive end-expiratory pressure (PEEP) improves oxygenation and reduces pulmonary blood flow (PBF). However, the effects of PEEP on blood gases and PBF have not been studied in preterm lambs receiving antenatal corticosteroids or postnatal surfactant. Lambs were delivered at 125 d of gestation (term 147 d) and ventilated with a tidal volume (V T ) of 5 mL/kg using different levels of PEEP. Four treatment groups were studied: (1) antenatal betamethasone 24 and 36 h before delivery; (2) postnatal Curosurf; (3) antenatal betamethasone and postnatal Curosurf; (4) untreated controls. Blood gases, PBF, and ventilator parameters were recorded during the first 2 h. Increasing PEEP improved oxygenation even after antenatal betamethasone and postnatal Curosurf, without adverse effects on arterial PCO 2 . Increasing PEEP reduced PBF; this effect was not altered by betamethasone and/or Curosurf. In very preterm lambs ventilated with fixed V T , increasing levels of PEEP improved oxygenation after antenatal glucocorticoids and/or postnatal surfactant. These treatments do not alter the deleterious effects of high levels of PEEP on PBF. (Pediatr Res 62: 37-42, 2007) D uring ventilation of very preterm infants, PEEP helps maintain end-expiration lung volumes, conserves surfactant, reduces lung injury, and improves oxygenation (1-3). Therefore, PEEP may promote lung aeration and help maintain lung volume in the resuscitation period immediately after birth. However, PEEP is not commonly recommended and rarely used during the immediate resuscitation of very premature infants (4 -6), although it is now recognized that lung injury may have its origins at this time (7, 8) . In a recent study aimed at improving gas exchange and minimizing V T in the postnatal resuscitation period, we found that a PEEP of 8 cm H 2 O halved the alveolar to arterial difference in oxygen tension (AaDO 2 ) after 10 min of ventilation of very premature lambs without affecting arterial pressure or PCO 2 (9). However, these lambs were not treated with antenatal corticosteroids or postnatal surfactant treatment. It is possible that antenatal steroids and postnatal surfactant could alter the effects of PEEP.
D uring ventilation of very preterm infants, PEEP helps
maintain end-expiration lung volumes, conserves surfactant, reduces lung injury, and improves oxygenation (1) (2) (3) . Therefore, PEEP may promote lung aeration and help maintain lung volume in the resuscitation period immediately after birth. However, PEEP is not commonly recommended and rarely used during the immediate resuscitation of very premature infants (4 -6), although it is now recognized that lung injury may have its origins at this time (7, 8) . In a recent study aimed at improving gas exchange and minimizing V T in the postnatal resuscitation period, we found that a PEEP of 8 cm H 2 O halved the alveolar to arterial difference in oxygen tension (AaDO 2 ) after 10 min of ventilation of very premature lambs without affecting arterial pressure or PCO 2 (9) . However, these lambs were not treated with antenatal corticosteroids or postnatal surfactant treatment. It is possible that antenatal steroids and postnatal surfactant could alter the effects of PEEP.
Gas exchange after birth is facilitated by a large decrease in pulmonary vascular resistance (PVR) and an increase in PBF. When PEEP is applied to normal lungs, it can constrain the heart and reduce PBF (10) . We have shown that PEEP reduces PBF during the early ventilation of very premature lambs by increasing PVR (11) ; when PEEP was increased from 4 to 8 cm H 2 O and from 4 to 12 cm H 2 O, PBF fell by approximately 20% and 41%, respectively. Despite this reduction in PBF, increasing the level of PEEP improved oxygenation without adverse effects on systemic blood pressure or heart rate. The adverse effects of high levels of PEEP on PBF and PVR shortly after birth may impair pulmonary gas exchange in very preterm infants.
Although most very premature infants receive antenatal corticosteroids and postnatal surfactant (12) , lambs in our previous studies (9, 11) were not treated with antenatal corticosteroids or postnatal surfactant and, therefore, had structurally and mechanically very immature lungs. As both of these treatments increase lung compliance, it is possible that they alter the relationship between PBF, oxygenation, and PEEP levels. Therefore, it is critical to further examine the relationship between PBF and airway pressure in the most immature lung and in a lung that has altered lung structure and/or tissue mechanics as a result of antenatal steroid and/or postnatal surfactant treatment. In the clinical trials that demonstrated the beneficial effects of antenatal corticosteroids and prophylactic postnatal surfactant, the majority of infants would not have received PEEP during resuscitation (13, 14) . Thus, there is little information about the individual or combined effects of these treatments on blood gases and PBF when infants are resuscitated using PEEP. It is important to identify the level of PEEP that maximizes oxygenation of very preterm infants without injuring their lungs or adversely affecting the changes in pulmonary physiology that are essential for the transition to air breathing at birth. Our specific objective was to assess the effects of different levels of PEEP on blood gases and PBF in very preterm lambs treated with antenatal corticosteroids and/or postnatal surfactant. We studied lambs over a 2-h period after delivery at an age that corresponds to approximately 26 wk of human gestation. The broad goal of our studies is to obtain data that could lead to improved management of very premature infants immediately after birth using methods that would minimize pulmonary volutrauma.
flow through the left pulmonary artery; Pla was assumed to be 9 mm Hg based on previous studies (11, 15) .
Physiological and ventilator parameters. Arterial blood gas tensions were measured every 5 min for the first 20 min and then every 10 min. The oxygenation status was calculated as the AaDO 2 . Respiratory system compliance (C RS ) and minute ventilation were recorded from the ventilator every 10 min. After delivery, the arterial blood gas status of lambs was maintained within the physiological range by altering the ventilator parameters and inspired oxygen content (FiO 2 ).
Data analysis. Statistical analyses were performed using SigmaStat (SPSS, Chicago, IL). A two-way analysis of variance (ANOVA) for repeated measures was used to determine the effect of treatment (betamethasone, Curosurf, betamethasone ϩ Curosurf, or Control) and PEEP level on PBF, oxygenation, and all other physiological and ventilator parameters. As appropriate, oneway repeated-measures ANOVA and least significant difference (LSD) for post hoc pairwise comparisons were used to confirm the effects of different PEEP levels identified by the two-way repeated-measures ANOVA. Data are presented as mean Ϯ SEM. Statistical significance was accepted at p Ͻ 0.05. 
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Neonatal arterial PCO 2 and pH. There were no significant differences in PaCO 2 between any of the groups and at each level of PEEP (Fig. 1B) . Throughout the study, most PaCO 2 values were at, or just above, the upper end of the target range. Arterial pH values were not significantly different between any of the groups or at any level of PEEP (Table 1) . There were no significant differences in minute ventilation between the groups or at any level of PEEP.
Pulmonary artery blood flow, vasculature resistance, and pressure. There were no significant differences in left PBF between the four treatment groups. However, within three of the groups, PBF was significantly affected by the level of PEEP (Fig. 2) . PVR increased in all groups with increased PEEP (Table 2 ). In both the control and betamethasone ϩ Curosurf groups, the pulmonary artery pressure (PAP) was significantly higher (p ϭ 0.03) than in the Curosurf group (Table 2 ); however, at each level of PEEP, there was no difference between groups.
Systemic arterial blood pressure. Mean arterial pressure (MAP) was within the normal range for all groups (Table 2) . It was significantly higher in lambs treated with betamethasone and/or Curosurf compared with controls (p ϭ 0.006). MAP was slightly but significantly lower in the control group at 8 cm Ventilator pressure. The ventilator was set to deliver an expired V T of 5 mL/kg, and so the PIP was automatically altered for each level of PEEP. In all groups, the mean airway pressure increased significantly (p Ͻ 0.001) at each level of PEEP ( Table 1 ). The ventilating pressure (PIP Ϫ PEEP) was significantly lower (p ϭ 0.003) in the betamethasone ϩ Curosurf group compared with the control and Curosurf groups (Table 1) .
Respiratory system compliance. C RS /kg was low in all groups and at all levels of PEEP. There was a significant increase in C RS /kg (p ϭ 0.038) in the betamethasone ϩ Curosurf group at a PEEP of 4 cm H 2 O compared with control and betamethasone groups; no other differences between groups or at any other PEEP level were found.
DISCUSSION
This study has confirmed previous studies (9, 11) that showed that the use of PEEP significantly and rapidly improves oxygenation in very premature lambs immediately after birth when V T is kept constant. The new information that we report is that PEEP still has this effect after the lambs were treated with antenatal corticosteroids and postnatal Curosurf. Our study shows that the effect of 8 cm H 2 O of PEEP on oxygenation immediately after birth is larger than the effect of antenatal steroid treatment or postnatal surfactant. This improvement in oxygenation was not at the expense of increased PaCO 2 or a decrease in blood pressure, both of which were largely unaffected by PEEP. Surprisingly, the effect of PEEP on PBF was essentially unaffected by antenatal steroid treatment or postnatal surfactant.
The dose of betamethasone was chosen to mimic the regimen of antenatal corticosteroids given to women at risk of preterm delivery and was the same dose used to demonstrate fetal sheep lung maturation (16) . In preterm animals, antenatal corticosteroids stimulate pulmonary structural maturation, increase the production and secretion of surfactant, and enhance the clearance of lung liquid (17) . Previous studies have reported an attenuation of pulmonary interstitial tissue after administration of synthetic corticosteroids (18, 19) . Therefore, the dose of betamethasone administered in this study would have been sufficient to alter lung structure. We do not have a good explanation for why there was so little effect of antenatal corticosteroids on the functional parameters that we measured. It is possible that these lambs were more immature than those in previous studies or that the treatment interval of 24 -36 h before delivery was insufficient to induce the necessary maturational changes. However, a previous study has shown that 15 h is sufficient time to enhance fetal sheep lung maturation (20) .
In studies of ventilated very premature infants treated with Curosurf, oxygenation increases within minutes of the treatment (21) . Infants in those studies would have all received PEEP as part of the ventilation regimen. In our lambs, oxygenation was inadequate without PEEP even when they had been treated with betamethasone and/or Curosurf. With the application of PEEP, oxygenation was best when it was used in combination with betamethasone ϩ Curosurf or Curosurf alone. Oxygenation levels were similar in these two groups of lambs at 4 and 8 cm H 2 O PEEP, whereas in lambs treated with betamethasone alone oxygenation was suboptimal at these levels of PEEP. Consistent with these findings, our previous studies have shown that increasing PEEP significantly improves oxygenation (9, 11) . Thus, the application of PEEP appears to be more effective than the use of postnatal surfactant in improving oxygenation.
As in our previous studies with fetal and neonatal sheep, increasing the level of PEEP reduced PBF (11) . There were some differences between the groups, but the most obvious effect was due to the level of PEEP. Observations of the effect of PEEP on PBF have been made in the lungs of mature animals (22) (23) (24) , with fluctuating airway pressure having a greater effect than static airway pressure (23) , indicating the complexity of the relationship. The exact mechanism for this decrease in PBF with increasing PEEP is unknown, although we postulate that it may result from an increase in the alveolar-capillary transmural pressure causing capillary compression. This suggestion is consistent with the finding that zero PEEP, in fetuses administered Curosurf (with or without betamethasone), increased PBF; an increase in PBF could not be detected in control fetuses. Thus, in the immature noncompliant lung, we hypothesized that increased airway pressure caused by increased PEEP would have less effect on capillary compression than in a mature lung and that increase lung compliance with betamethasone and/or Curosurf would increase the sensitivity of PBF to changes in airway pressure. If this was correct, the effect of increasing PEEP on PBF should be greatest in the most compliant lungs. However, the effect of increasing PEEP on PBF was greatest in control lambs, which 39 RESUSCITATION OF PRETERM LAMBS WITH PEEP 
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had the most immature lungs, indicating that the relationship is complex and likely to depend on many factors. For instance, it is possible that the effect of PEEP on PBF is enhanced by the transient increase in interstitial tissue water content associated with airway liquid clearance (25) . Delays in the clearance of liquid from the lungs in control fetuses due to lung immaturity may explain this phenomenon and may also explain why all control lambs developed a pneumothorax at high PEEP levels (12 cm H 2 O); this was unexpected because the control lungs were relatively noncompliant. Pneumothoraces in control lambs possibly resulted from localized regions of overexpansion caused by reductions in lung gas volume associated with airway liquid retention. One of the most remarkable changes in lung physiology that occurs within a few breaths after birth is the very large increase in PBF (approximately eightfold) resulting from a rapid and large decrease in PVR (26) . The mechanisms responsible for the decrease in PVR immediately after birth are likely to include an increase in oxygenation (27) , the release of nitric oxide from the pulmonary vascular bed (28) , and an unspecified "effect of ventilation" (15, 27) . It has been reported that antenatal corticosteroids enhance pulmonary vasodilatation induced by alveolar ventilation at birth in near-term sheep (29) . In the present study, increasing the level of PEEP markedly improved oxygenation at the same time as reducing PBF. This was surprising, as increased oxygenation would be expected to promote vasodilatation of the pulmonary vascular bed. It is possible that increasing PEEP led to a gradual decrease in the number of atelectatic regions and therefore improved oxygenation. At the same time, blood flow through these recruited regions could have been reduced due to the compression of capillaries.
Arterial pH remained at the lower end of our target range and PaCO 2 levels were a little high at all levels of PEEP, which is consistent with our previous findings (9, 11) , and may have been due to the target V T chosen for ventilation. It is not surprising that betamethasone and/or Curosurf treatment did not have much effect on arterial pH or PaCO 2 levels with this ventilator regimen in which V T was controlled. Arterial pH tended to be higher after betamethasone and betamethasone ϩ Curosurf treatment and in the presence of PEEP. The mild respiratory acidosis may have been eliminated if we had ventilated with a slightly greater V T . We chose a V T of 5 mL/kg to prevent lung injury at the higher PEEP levels to maintain consistency between ventilation periods at different PEEP levels and to be consistent with previous studies (9, 11) . This set V T is within the range of V T found in spontaneously breathing premature infants (30) and has been shown to successfully ventilate very premature lambs from birth (9) . The ventilator pressures required to appropriately ventilate these lambs varied depending on the treatment group, with lambs in the control and Curosurf alone groups requiring greater pressures. It is unlikely that these pressures were sufficient to induce lung injury as a similar study in our laboratory was unable to detect any evidence of increased expression of proinflammatory mediators (unpublished observation), although others have reported such findings (31) .
Although our overall aim was to obtain data that could be used to improve the delivery room management of very premature infants, we used lambs, as it would not be possible to undertake this study in infants. Extrapolation of our lamb data to infants must be made with caution. We believe that although the details may not be the same in infants, the concept that PEEP improves oxygenation immediately after birth regardless of antenatal steroid or postnatal Curosurf treatment is important. This study was purposely designed to investigate the effect of PEEP on very immature animals during the immediate resuscitation period. It may be inappropriate to extrapolate the results to later gestations and other times and clinical circumstances.
In these studies the lambs were anesthetized, delivered by cesarean section without labor, and not spontaneously breathing. This may have influenced the results for several reasons, particularly as it is likely that more lung liquid was present, thereby reducing lung compliance and aeration. Gasping immediately after delivery is an important mechanism for lung aeration, and in the absence of gasping, lung aeration may have been reduced compared with human infants born vaginally or by cesarean section under spinal anesthesia. As the lambs had undergone fetal surgery a few days before delivery, it is possible that this may have caused precocious maturation of the lung and contributed to the apparently reduced effect of antenatal corticosteroids. However, all groups of lambs were exposed to the same surgical intervention, allowing the treatment effects to be directly compared.
Although many clinical and physiological effects of PEEP during resuscitation of the preterm infant have yet to be determined, the present study provides further information on the effects of PEEP, with and without antenatal corticosteroids and/or postnatal surfactant, on neonatal oxygenation and PBF in the immediate newborn period. We conclude that oxygenation of the ventilated, immediately born preterm neonate is improved with increasing PEEP levels (Ͼ8 cm H 2 O) after treatment with antenatal corticosteroids and/or postnatal surfactant; however, the level of PEEP that was best for oxygen- 
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RESUSCITATION OF PRETERM LAMBS WITH PEEP ation markedly reduced PBF. These treatments did not affect the significant deleterious effects of high levels of PEEP on PBF.
